, A27L-C71A (5Ј-TTT GAA CAA ATA GAA AAG GCT TGT AAA CGC AAC GAT GAA-3Ј), A27L-C72A (5Ј-GAA CAA ATA GAA AAG TGT GCT AAA CGC AAC GAT GAA GTT-3Ј), A27L-C71/72A (5Ј-TTT GAA CAA ATA GAA AAG GCT GCT AAA CGC AAC GAT GAA GTT-3Ј). The underlined bases represent the mutated codons, and only the sense primers are shown. All of the plasmid clones were confirmed by DNA sequencing.
(ii) Trans-complementation assays. The trans-complementation assays were performed essentially as described previously (5) . Confluent 293T cells in 60-mm dishes were infected with IA27L-A26KO or IA27L-A26WR at a multiplicity of infection (MOI) of 5 PFU/cell for 1 h in the absence of IPTG. After infection, cells were washed with PBS, and 1 g of individual plasmids (A26L-C43A, A26L-C128A, A26L-C162A, A26L-C342A, A26L-C441A, A26L-C442A, A26L-C441/442A, A27L-C71A, A27L-C72A, and A27L-C71/72A) was transfected into cells using 10 l Lipofectamine (Invitrogen). After a 5-h incubation, the mixtures were removed and fresh complete medium was overlaid. Cells were harvested at 24 h p.i. for immunoprecipitation and immunoblot analyses as described above.
Expression of vaccinia virus A26 and A27 protein in 293T cells. Vaccinia virus A26 (WR) and A27 (WR) ORF sequences were codon optimized (GenScript Inc.) and cloned into the mammalian expression vector pLKO-AS3.1-EGFP3Ј (National RNAi Core, Academia Sinica, Taiwan). 293T cells were cotransfected with plasmids expressing A26 and A27 proteins using calcium phosphate transfection procedures, and the cells were harvested at 1 day posttransfection for immunoprecipitation (anti-A27 Abs at 1:40) and immunoblot analyses (anti-A26 at 1:1,000 and anti-A27 at 1:200) as described above.
Cell fusion assays. (i) Cell fusion from within. BSC40 cells were infected with wild-type WR vaccinia virus (Wt-VV), IA27L virus, or IA27L-A26WR virus at an MOI of 5 PFU per cell and incubated in culture medium with or without 5 mM IPTG to regulate A27 protein expression (5, 37, 38) . Cell fusion was monitored up to 24 h p.i., and cells were photographed using phase-contrast optics on a Nikon inverted microscope.
(ii) Live cell imaging. Alternatively, live cell imaging was performed to monitor cell fusion from within as described below. BSC40 cells were seeded onto coverslips in 60-mm dishes (7.5 ϫ 10 5 per dish) and subsequently infected with Wt-VV, IA27L, and IA27L-A26WR at an MOI of 5 PFU per cell at 37°C for 1 h. The infected cells were washed with PBS, transferred to the microscope stage, and maintained in growth medium, and the samples were kept in a warm 37°C chamber with 5% CO 2 throughout the recording time up to 34 h p.i. Images were taken initially from 30 min p.i. to 10 h p.i. at 1 frame per 30 min and then switched to 1 frame per 10 min from 10 to 34 h p.i. Three microscopes, a Carl Zeiss confocal LSM 510 Pascal (20ϫ Plan-Neofluar lens), an LSM 510 Meta NLO (0.8-fold; 20ϫ Plan Apochromat), and a wide-field Zeiss Axiovert (1.6ϫ; 10ϫ Plan Neofluar lens), were used to acquire individual images of cells infected with Wt-VV, IA27L, and IA27L-A26WR at the same time. Images were analyzed using AxioVision release 4.6. At the end of recording, the infected cells were fixed in 4% paraformaldehyde, permeabilized in PBS-0.2% saponin, and stained with anti-vaccinia virus Abs (1:5,000), fluorescein isothiocyanate-conjugated goat anti-rabbit IgG Abs (diluted 1:1,000), and 0.5 g/ml of 4Ј,6Ј-diamidino-2-phenylindole (DAPI) to ensure that all cells were infected. Images were acquired by LSM 510 Meta NLO confocal microscopy (20ϫ Plan Apochromat).
(iii) Cell fusion from without. Cell fusion from without was performed as described previously (16) . Briefly, L cells and sog9 cells were seeded on coverslips in 24-well plates and, after overnight incubation, were incubated with 6 g vaccinia virus (ϳ4,000 particles/cell) in PBS-AM (PBS, 0.05% bovine serum albumin, 10 mM MgCl 2 ) for 1 h, washed, and then treated with PBS (pH 4.7) at 37°C for 2 min. The cells were incubated at 37°C for 1 h with complete medium containing 40 g/ml cordycepin (Sigma) and fixed for 15 min with 4% paraformaldehyde in PBS at 25°C, and then the plasma membrane was stained with PKH26 (Sigma) and nuclei were stained with Hoechst 33258 (Invitrogen Inc.). Images were collected with an LSM 510 Meta confocal laser scanning microscope (Carl Zeiss) using a 40ϫ objective lens and confocal microscopy software (release 2.8; Carl Zeiss), and nuclei numbers were counted from multiple images (Ͼ300 cells). To quantify cell fusion, we calculated the percentage of fused cells (i.e., cells containing more than one nucleus) using the following equation: percentage of cell fusion ϭ (sum of nuclei added from all fused cells/sum of nuclei added from total seeded cells) ϫ 100. When we subdivide the abovedescribed fused cell population into small-sized (2 to 5 nuclei/cell), medium-sized VOL. 83, 2009 VACCINIA VIRUS A26-A27 COMPLEX FORMS THROUGH DISULFIDE BONDS 6465 (6 to 10 nuclei/cell), and large-sized (Ͼ10 nuclei/cell) fused cell populations, the quantification was calculated as follows: percentage of small-sized fused cells ϭ 100 ϫ (sum of nuclei added from all the small-sized fused cells/sum of nuclei added from total seeded cells); percentage of medium-size fused cells ϭ 100 ϫ (sum of nuclei added from all the medium-sized fused cells/sum of nuclei added from total seeded cells); and percentage of large-size fused cells ϭ 100 ϫ (sum of nuclei added from all the large-sized fused cells/sum of nuclei added from total seeded cells). The experiments were repeated twice, and in each experiment more than 300 cells were counted for each virus.
RESULTS

A26
and A27 proteins form 70-/90-kDa protein complexes through disulfide bond formation in the infected cells, and the complexes are packaged into IMV particles. The immunoblot analyses of cell lysates harvested from HeLa cells infected with Wt-VV, IA27L (37, 38) , and IA27L-A26WR (5) were performed in reducing and nonreducing conditions using anti-A27 Ab (Fig. 1A) . The expression of A27 protein in Wt-VV was constitutive, whereas in IA27L and IA27L-A26WR it was induced by IPTG, as previously described (5, 37, 38) . In reducing SDS-PAGE (with 2-mercaptoethanol [2ME]), A27 protein migrated as a 14-kDa protein in the infected cells; however, it migrated as multiple species in nonreducing conditions (without 2ME), suggesting that disulfide bonds mediated the formation of these complexes. A27 protein monomers of 14 kDa, dimers of 28 kDa, and trimers of 42 kDa were detected, which is consistent with previous reports (36) . More interestingly, A27 protein also formed two high-molecular-mass complexes of 70 kDa (Fig. 1A ) and 90 kDa (Fig. 1A ) in cells infected with Wt-VV and IA27L-A26WR but not IA27L (Fig. 1A) . Because IA27L-A26WR (5) was derived from IA27L virus by the replacement of a truncated A26 protein (aa 1 to 426) with a full-length A26 protein (1 to 500 aa), this implied that A26 (aa 427 to 500) was required for the formation of the 70-/90-kDa protein complexes. The samples were boiled and denatured before gel separation, so the 70-/90-kDa protein complex detected on nonreducing gels most likely is formed through disulfide bonds. As expected, in the absence of IPTG, all of the monomer, dimer, and trimer forms of A27 protein, as well as the 70-and 90-kDa complexes, were barely detected in cells infected with IA27L and IA27L-A26WR.
The above data suggested the possibility that A26 protein interacts with A27 protein to form the 70-/90-kDa protein complexes. We therefore tested whether 70-/90-kDa protein complexes also contain A26 protein in the infected cells. In immunoblots performed under nonreducing conditions, not only anti-A27 but also anti-A26 Ab detected two protein complexes of 70 and 90 kDa in size (Fig. 1B) . It is worth noting that we consistently observed that anti-A26 Ab reacted better with the 70-kDa protein complex than with the 90-kDa form on gels, whereas anti-A27 Ab exhibited the opposite preference (Fig. 1B) .
To provide direct evidence that these 70-/90-kDa protein complexes contained A26 and A27 proteins linked by disulfide bonds, we examined cell lysates harvested at 24 h p.i. by immunoprecipitation. Anti-A27 Ab brought down the 70-and 90-kDa protein complexes from cells infected with Wt-VV or IA27L-A26WR but not IA27L ( Fig. 2A) . More importantly, these immunoprecipitated 70-/90-kDa protein complexes contained A26 protein ( Fig. 2A) . Reciprocal immunoprecipitations performed using anti-A26 Ab also immunoprecipitated A26 protein in the 70-/90-kDa protein complex that contained A27 protein (Fig. 2B) . To avoid artificial disulfide bond rearrangement during cell rupture, cell lysates were prepared using 10% TCA precipitation and an alkylating agent, N-ethylmaleimide (26, 30, 43, 52) , as described in Materials and Methods for immunoblot analyses. The results revealed that, regardless of NEM treatment, 70-/90-kDa protein complexes remained intact in the infected cells (data not shown). Taken together, these results showed that A26 and A27 proteins formed 70-and 90-kDa protein complexes through disulfide bonds. The Immunoblot (IB) analysis of A27 protein in virus-infected cell lysates following boiling and separation by reducing (with 2ME) and nonreducing (without 2ME) SDS-PAGE. The expression of the A27L ORF in wild-type vaccinia virus (Wt-VV) was constitutive, whereas in IA27L and IA27L-A26WR viruses it was induced by 5 mM IPTG. (B) Immunoblot analysis of A27 and A26 proteins in virus-infected cells cultured in medium containing IPTG. Lysates were boiled, separated on nonreducing (without 2ME) SDS-PAGE, and probed with anti-A26 (1:1,000) and anti-A27 (1: 1,000) Abs. The 90-and 70-kDa protein complexes are indicated by black and white arrows, respectively. Three protein bands representing A27 monomers (A27-m), dimers (A27-d), and trimers (A27-t) also were detected. A26t, truncated A26 protein (aa 1 to 426).
sizes of the 70-/90-kDa complexes differed by the molecular size of an A27 monomer, implying a stoichiometry for the 70-/90-kDa complex of an A26 monomer in complex with either an A27 dimer or an A27 trimer.
To test whether the A26-A27 protein complexes are packaged in IMVs, we purified IMV particles of Wt-VV, IA27L, and IA27L-A26WR viruses and loaded equal amounts on gels for immunoblots, as shown by the anti-H3 Ab blot (Fig. 2C) . The anti-A27 Ab blot revealed that A26-A27 protein complexes were incorporated into IMV particles. Additionally, some dimer and trimer forms of A27 protein also were detected (Fig. 2C ). Anti-A26 Ab also detected A26-A27 protein complexes as well as A26 monomer and its degraded form in gels (Fig. 2C ). These data suggest that, on IMV particles, not all of the A26 and A27 proteins are part of covalently linked A26-A27 complexes. When IMVs were purified with reagents containing NEM to avoid disulfide oxidation during cell rupture, anti-A27 Ab still detected the 70-/90-kDa complexes on IMV particles (data not shown).
Cysteines 71 and 72 of A27 protein are important for A26-A27 protein complex formation. A27 protein forms covalently linked trimers in infected cells through disulfide bonds (36) , although the homotrimer formation is not dependent on disulfide bonds formed between cysteine residues 71 and 72 (50) . To identify how A26 and A27 proteins form intermolecular disulfide bonds, we used in vitro mutagenesis to generate mutant A27 proteins with either single or double cysteine-toalanine mutations at cysteines 71 and 72 (Fig. 3) . The plasmids were immediately transfected into 293T cells that were in- fected with IA27L-A26WR in the absence of IPTG, so that A26 protein was expressed from the viral genome and A27 protein was provided in trans from the transfected plasmids. Wild-type A27 protein provided in trans formed the 70-/90-kDa protein complexes with the A26 protein expressed from the viral genome ( Fig. 3A and B) . Mutant A27 C71A and C72A proteins partially reduced A26-A27 protein complex formation, whereas the C71/72A double mutant A27 protein com-
FIG. 4. (A)
Cysteines 441 and 442 of A26 protein are required for the intermolecular disulfide bond formation of A26-A27 protein complexes. All of the six cysteine residues of A26 protein as well as the genome representations of IA27L and IA27L-A26KO viruses are shown at the top. BSC40 cells were mock infected or infected with IA27L-A26KO or IA27L-A26WR, subsequently transfected with individual plasmids encoding wild-type A26 or C43A, C128A, C162A, C342A, C441A, C442A, and C441/442A double mutant proteins, harvested at 24 h p.i., and then boiled to denature proteins for immunoblot analyses (IB) on nonreducing (without 2ME) gel using anti-A27 Ab (1:1,000) or on reducing (with 2ME) SDS-PAGE using anti-A26 (1:1,000) Ab. The black and white arrows indicate the 90-and 70-kDa protein complexes, respectively. (B) C43 and C342 form an intramolecular disulfide bond in A26 protein. The cell lysates shown in panel A were boiled and separated by nonreducing (without 2ME) SDS-PAGE and stained with anti-A26 (1:1,000) Ab. The top migrating band is the reduced form of full-length A26 protein (A26 red). The middle band is the oxidized form of A26 protein (A26 ox), while the asterisk indicates the degraded product of A26 protein. (C) A26 C441/442A mutant protein failed to form disulfide bonds with A27 protein. The immunoprecipitation (IP) of cell lysates described in panel A was performed using anti-A27 Ab (1:100) and was analyzed by SDS-PAGE on nonreducing (without 2ME) or reducing (with 2ME) gels using anti-A27 Ab (1:1,000). The asterisks (left) indicate Ig heavy and light chains. Tf, transfection. . Cell lysates were boiled and separated by SDS-PAGE on nonreducing (without 2ME) gels and probed with anti-A27 Abs. The bottom portion shows a longer exposure of a portion of the blot (marked by the dotted line). The black and white arrows indicate the 90-and 70-kDa protein complexes, respectively. A27-m, A27-d, and A27-t represent monomers, dimers, and trimers of A27 protein, respectively. (B) Samples were treated with reducing condition (with 2ME) and loaded in the same order as that used for panel A and were probed with anti-A27 Ab. (C) Samples were loaded in the same order as that for panel A and were treated with reducing conditions (with 2ME) and probed with anti-A17 Ab. (D) Samples were loaded in the same order as that used for panel A and were probed with anti-A26 Ab. A26 red, reduced form of A26 protein; A26 ox, oxidized form of A26 protein; and A26t, truncated A26 protein (aa 1 to 426) (5) (Fig. 3A) . Anti-A26 Ab had a weaker reactivity to the complexes on blots than anti-A27 Abs and detected the 70-/90-kDa complexes only in cells expressing the wild-type A27 protein (Fig. 3B) . It is known that C71 and C72 of A27 protein mediated A27 protein trimerization (36), and we noticed that C71A and C72A single-mutant A27 proteins existed as dimers and C71/72A double-mutant protein as monomers in the transfected cells (Fig. 3A) , suggesting that A27 dimers contain disulfide bonds formed between C71-C71 or C72-C72 and A27 trimers must contain an additional disulfide bond between C71 and C72. Taken together, the data here showed that C71 and C72 also are involved in the formation of the intermolecular disulfide bonds between A26 and A27 proteins. Cysteines 441 and 442 of A26 protein are necessary for A26-A27 protein complex formation, whereas C43 and C342 form an intramolecular disulfide bond. The A26 protein contains six cysteines at residues 43, 128, 162, 342, 441, and 442 (Fig. 4A) . We generated a series of mutant A26 proteins that contained either single or double cysteine-to-alanine mutations. To perform complementation analyses, we generated an IA27L-A26KO virus (Fig. 4A) to remove the truncated A26 (aa 1 to 426) protein from IA27L virus (5, 38) . BSC40 cells were infected with IA27L-A26KO virus in the presence of IPTG so that the A27 protein was expressed from the viral genome. These cells then were transfected with plasmids expressing either wild-type or mutant A26 protein to determine which cysteine is important for disulfide bond formation between A26 and A27 proteins (Fig. 4A) . The transfected wildtype A26 protein and the C43A, C128A, C162A, and C342A mutants were able to form the 70-/90-kDa complexes in the infected cells in the presence of IPTG, although we noticed that the C43A and C342A mutants caused a slightly slower migration of the complexes (Fig. 4A) . The C441A and C442A mutations reduced the amount of the 70-/90-kDa protein complexes formed, while the C441/442A double mutant almost completely eliminated complex formation (Fig. 4A) . All of the transfected A26 proteins, including the C441/442 mutant, were well expressed (Fig. 4A) , so the inability to form 70-/90-kDa complexes was not due to a lack of A26 protein expression in cells. Interestingly, besides the 70-/90-kDa protein complexes, anti-A26 Ab also detected multiple forms of A26 monomer protein in the transfected cells (Fig. 4B) . The top band migrated similarly to the A26 protein band in the reducing gel (with 2ME), suggesting that it is the reduced form of A26 protein. The middle band was present in wild-type A26 protein and C128A, C162A, C441A, C442A, and C441/442A mutants but was absent in C43A and C342A mutant proteins, suggesting that the middle band represented the form of A26 protein containing an intramolecular disulfide bond between C43 and C342. The bottom band was present in all of the constructs with various intensities, and we suspected that it is the degraded form of A26 protein. Finally, to be sure that A27 protein did not form disulfide-linked protein complexes with the A26 C441/442 mutant protein, we performed immunoprecipitation using anti-A27 Ab. The wild-type A27 protein brought down wild-type A26 protein, but not the mutant C441/ 442 protein, in the infected cells (Fig. 4C) . The same complexes were formed in cells infected with IA27L-A26WR, which served as a control.
A26-A27 complex formation in the infected cells does not require virion morphogenesis, A17 protein, or the viral redox system. We next investigated whether viral A26 and A27 proteins form disulfide bonds during virion morphogenesis in the infected cells. Rifampin blocked viral core protein processing (data not shown) without significantly affecting A26 and A27 protein levels in cells (Fig. 5B and D) ; however, 70-and 90-kDa complexes still formed in these drug-treated cells, as de- (Fig. 5A ) and anti-A26 Ab (Fig. 5D) , showing that intermolecular bond formation between A26 and A27 proteins occurred prior to virion morphogenesis. Because the A27 protein has been shown to bind to A17 protein (35), we tested whether A17 protein is involved in A26-A27 complex formation. BSC40 cells were infected with a recombinant virus, vA17⌬5, expressing A17 protein in the presence of IPTG (54) . The infected cells were harvested at 24 h p.i. for immunoblot analyses ( Fig. 5A and D) . The results showed that the association between A17 and A27 protein is not a prerequisite for the formation of A26-A27 complexes, since the 70-/90-kDa complexes still formed in the infected cells when A17 expression was repressed in the absence of IPTG (Fig. 5C) . Vaccinia virus encodes a unique redox pathway comprising viral G4 (18, 53) , E10 (42), and A2.5 proteins (45), each of which is essential for virus morphogenesis and for catalyzing the intramolecular disulfide bond formation of viral L1 and F9 proteins (43, 52) . To determine whether disulfide bond formation between A26 and A27 proteins is mediated by the virusencoded redox pathway, we tested whether 70-and 90-kDa complex formation depends on viral G4 and E10 proteins by using two recombinant viruses, vG4Li (53) and vE10Ri (42), expressing G4 and E10 protein, respectively, under IPTG induction. BSC40 cells were infected with vG4Li or vE10Ri at an MOI of 5 PFU per cell, were cultured in medium with or without 50 M IPTG for 24 h, and were harvested with NEMcontaining reagents, as described in Materials and Methods, to avoid disulfide exchange during cell rupture. These cell lysates subsequently were boiled and analyzed by immunoblots under nonreducing (without TCEP) or reducing (with TCEP) conditions. As shown in Fig. 6 , 70-and 90-kDa protein complexes were readily detected by anti-A27 Ab (Fig. 6A ) and anti-A26 Ab (Fig. 6B ) in cells infected with vG4Li in the absence or presence of IPTG, suggesting that the formation of the disulfide bond between A26 and A27 protein did not require G4 protein. The control experiments showed that HA-tagged G4 protein expression (Fig. 6C ) as well as virus growth in cultures were dependent on IPTG addition (Fig. 6D) , as expected. When cell lysates infected with vE10Ri were analyzed similarly by immunoblot analyses using anti-A27 Ab (Fig. 7A ) and anti-A26 Ab (Fig. 7B) , the formation of 70-and 90-kDa protein complexes was detected equally well with or without IPTG, supporting the notion that E10 protein is not required for 70-/90-kDa complex formation. The growth of vE10Ri was tightly regulated by IPTG (Fig. 7C) . We did not have anti-E10 Ab, so immunoblot analyses were performed to detect L1 protein, the oxidation of which was shown to depend on E10 protein activity (42) . As shown in Fig. 7D , oxidized L1 protein migrated faster than the reduced form of L1 protein on gels. In the absence of IPTG, the reduced form of L1 protein was detected in cells infected with vE10Ri, although some large amount of the oxidized form of L1 protein (detected by 2D5 MAb [23, 24] ) still remained.
Finally, to provide direct evidence that A26-A27 disulfide bonding does not require a viral redox system, A26 and A27 ORFs were coexpressed in 293T cells by transient transfections. Cells subsequently were harvested with or without NEM for immunoprecipitation using anti-A27 Abs and analyzed by immunoblot analyses with anti-A27 (Fig. 8A ) and anti-A26 (Fig. 8B) Abs. Both 70-and 90-kDa protein complexes were readily detected in the immunoprecipitates, migrating similarly to the 70-/90-kDa complexes identified in the virus-infected cells (Fig. 8) . When the transfected cells were harvested in the presence of NEM to avoid disulfide exchange, the 70-/90-kDa complexes remained detected (data not shown). Taking these results together, we concluded that the disulfide-linked complexes containing A26 and A27 proteins could form in host cells without the aid of viral redox enzymes.
A26 protein partially suppresses cell fusion induced by A27 protein expression. Since A26 protein formed complexes with A27 protein, it may modulate A27 protein functions in cells. A27 protein was required for the formation of enveloped virions; however, the expression of A26 protein did not alter the resulting extracellular enveloped virus titers (5). Previous experiments using IA27L to study the fusion of virus-infected cells showed that the cell-to-cell fusion of the infected cells (cell fusion from within) was dependent on A27 protein expression induced by IPTG and that A27 protein may participate in the cell fusion process, since anti-A27 MAb C3 (36) and soluble A27 protein (20) containing the GAG-binding domain blocked A27-dependent cell fusion. Although A27 protein is unlikely to be the fusion protein per se (40) , these results suggested a regulatory role of GAG-A27 protein interaction in the cell fusion process. Moreover, Kochan et al. recently showed that A17-A27 protein induced cell-cell fusion, and they also hypothesized that A27 protein binding to GAGs pulls membranes in close proximity for A17 protein to exert cell fusion (27) .
Since A26 forms a complex with A27 protein through the FIG. 8. A26 and A27 protein formed protein complexes in transfected 293T cells. (A) 293T cells were either mock transfected or cotransfected with plasmids expressing A26 and A27 protein, and cell lysates were harvested for immunoprecipitation (IP) using anti-A27 Ab (1:100). The immunoprecipitates were washed, boiled, and separated on SDS-PAGE and analyzed by immunoblotting (IB) using anti-A27 Abs (1:1,000) as described for Fig. 2A. (B) Samples were loaded in the same order as that used for panel A and were analyzed by anti-A26 Ab (1:1,000). The black and white arrows indicate the 90-and 70-kDa protein complexes, respectively. C-terminal region, it is conceivable that the large size (ϳ500 aa) of A26 protein (5) easily masks the GAG-binding region (ϳ14 aa) of A27 protein (20) , making the latter topologically difficult to bind to GAGs on cells. If this is true, we would expect that the expression of A26 protein suppresses A27-dependent cell fusion. To provide an unbiased view of cell-tocell fusion in cells infected with Wt-VV, IA27L, and IA27L-A26WR, we performed live cell imaging and monitored cell fusion from within from 10 to 34 h p.i. (Fig. 9A ; also see movie S1 in the supplemental material). From the kinetics analyses of cell fusion and the size of fused cells, we concluded that the expression of A26 protein delayed the cell fusion kinetics and suppressed A27-dependent cell fusion from within. We also repeated the cell fusion from within on the mouse L cell line that is the parental cell line used to generate the GAG-deficient mutant cell line sog9 (2) . The comparison of cell fusion from without between L and sog9 cells would allow us to validate whether cell surface GAGs are indeed important for cell-to-cell fusion. Experiments were performed, and the results are shown in movie S2 in the supplemental material. The data are consistent with Fig. 9A and, more interestingly, very little cell-to-cell fusion was seen in virus-infected sog9 cells that were stained with strongly anti-VV Abs, showing that GAGs are required for cell fusion.
We then tested whether IMV particles of Wt-VV, IA27L, and IA27L-A26WR mediate cell fusion from without with different efficiencies under acidic pH conditions. IMV particles of Wt-VV, IA27L, or IA27L-A26WR virus were purified and incubated with L and sog9 cells, and cell fusion from without was triggered by a brief acid treatment, as described in Materials and Methods (Fig. 9B) . In L cells, IA27L virus was more fusogenic than Wt-VV or IA27L-A26WR and triggered cell fusion (Ն2 nuclei per cell) in about 80% of L cells; however, Wt-VV and IA27L-A26WR particles triggered cell fusion in ϳ50% L cells (Fig. 9C ). When these fused cells (Ն2 nuclei per cell) were further divided into small (2 to 5 nuclei per cell), medium (6 to 10 nuclei per cell), and large (Ͼ10 nuclei per cell) fused cell populations (Fig. 9D) , it became clear that IA27L triggered more robust cell fusion, resulting in an increase in the number as well as the size of the fused cells. The incorporation of A26WR protein into IA27L virus, i.e., IA27L- A26WR, suppressed cell fusion, resulting in fewer and smaller fused cells, similarly to those triggered by Wt-VV (Fig. 9D) , suggesting that virion A26 protein partially suppresses cell fusion. Interestingly, none of these three viruses triggered obvious cell fusion from without on sog9 cells ( Fig. 9B and C) , demonstrating that virus-to-cell fusion also required cell surface GAGs.
DISCUSSION
Vaccinia virus envelope A27 protein is known to be anchored onto the IMV through interaction with A17 protein via the C-terminal helix (35) . In this study, we demonstrated that vaccinia virus A27 and A26 proteins form covalently linked protein complexes in the infected cells and are incorporated into IMV. This conclusion is consistent with an independent study done by Howard et al. (19) . Moreover, we showed that intermolecular disulfide bond formation between A26 and A27 protein required cysteines 441 and 442 on A26 (Fig. 10A) , consistently with our previous report that a truncated A26 protein missing the C-terminal aa 427 to 500 was not packaged into IMV particles (5). A26-A27 disulfide bonds also required cysteines 71 and 72 of A27 protein. Interestingly, these neighboring cysteine residues are situated in the C-terminal region with a significant amino acid homology between A26 and A27 proteins (Fig. 10B) . It was previously found that the C-terminal region of the A26 protein from aa 443 to 472 showed 44% identity (31) to a coiled-coil region of A27 protein. Moreover, we found another homologous region of aa 422 to 440 that was predicted to contain an ␣-helical structure as well (Fig. 10B) .
That may allow the two cysteines of A26 to be positioned in an analogous way to those of the A27 protein, implying that the helical structure of the A26 C-terminal region mimics that of the A27 protein, providing a structural basis for A26 and A27 hetero-oligomerization that is further stabilized by intermolecular disulfide bonds. The A27 protein has been shown to exist on IMV mainly as homotrimers and some dimers, but there was no indication of the presence of an intermolecular disulfide bond between A26-A27 protein complexes (36) . In our experiments, A26-A27 complexes could be detected with or without NEM in lysis buffer, although in the former case the complexes seemed to be more abundant in the infected cells. The formation of the intermolecular disulfide bond between A26 and A27 proteins apparently occurred in the infected cells without the need for virion morphogenesis or viral A17 protein. At this point, we do not know the stoichiometry of each protein in 70-and 90-kDa complexes. Most likely, it is that the size difference between 70-and 90-kDa complexes is due to an extra A27 molecule, although we have not completely ruled out the presence of other viral or even cellular proteins in the 90-kDa complex. Further experiments will be needed to verify the biochemical nature of these two complexes.
Besides the two cysteines forming intermolecular disulfide bonds, cysteines 43 and 342 of A26 protein formed an intramolecular disulfide bond, i.e., an oxidized form of A26. Since these two cysteines lie on either side of a hydrophobic region of aa 113 to 130 (5), the presence of a disulfide bond between C43 and C342 must occur on the surface of the membrane, which argues that it is topologically impossible for this hydrophobic region to act as a transmembrane region that anchors The conserved amino acids are in red, and brown triangles mark the two cysteines on each protein forming intermolecular bonds. The peptide regions predicted to be ␣-helixes are underlined. The secondary structure prediction was performed using the HNN secondary structure prediction method at the website http://npsa-pbil.ibcp.fr /cgi-bin/npsa_automat.pl?pageϭnpsa_nn.html (9) . A26 protein on the IMV envelope. Finally, we have no evidence of C128 and C162 of A26 protein forming disulfide bonds, but whether these two cysteine are embedded deep inside A26 protein and remained reduced currently is not known.
In eukaryotic yeasts and mammalian cells, the redox regulation is highly compartmentalized, and accumulative knowledge revealed that each of the major compartments have unique redox characteristics (15) . Among the different cellular compartments, cytosol is highly reduced, whereas the endoplasmic reticulum (ER) and the secretory pathway contain proteins with oxidative functions, including Ero-1 and PDI, that introduce disulfides into proteins during refolding and export processes (15, 46) . On the other hand, it has been suggested that some vaccinia virus membrane proteins formed disulfide bonds in the cytosol of virus-infected cells (30) and that vaccinia virus contains a complete redox pathway, including E10, G4, and A2.5 proteins for forming cytoplasmic disulfide bonds on viral proteins (43, 45) . Based on these published results, we originally expected that A26 and A27 proteins would be similar to L1 protein in the need of viral redox enzymes for disulfide formation. In contrast, the 70-/90-kDa protein complexes and some oxidized forms of L1 protein still formed in the infected cells when no G4 or E10 protein was expressed. The data thus suggested that, while the repression of viral redox enzymes significantly affects virus growth, these enzymes are not required for the disulfide bond between A26 and A27 proteins. This conclusion is supported by our data using transiently transfected 293T cells in which A26 and A27 proteins readily formed 70-/90-kDa complexes, showing that the viral redox system is dispensable for A26-A27 disulfide bond formation. Interestingly, Rodriguez et al. had constructed a chimeric molecule of vaccinia virus A27 fused with human immunodeficiency virus Env and found that this molecule was partially glycosylated and could be expressed on the cell surface, suggesting that the chimera molecule has passed through the ER lumen for limited glycosylation (39) . The chimera A27-Env molecule contains the N-terminal 110 aa of A27 sequences, implying that the A27 N-terminal region could serve as a signal peptide for targeting the chimera molecule to the ER/secretory pathway. Besides, A17 and A27 proteins, when transfected into 293T cells, formed a complex and transported to the cell surface in 293T cells (27) , providing another example in which viral membrane protein complexes were formed and exported, most likely using the cellular ER/secretory pathway. Alternatively, although the eukaryotic cytosolic environment often is considered highly reduced, the slow oxidation of newly synthesized cytosolic proteins occurred and was correlated with the oxidized glutathione/glutathione ratio in the cytosol (33) . Therefore, we cannot totally rule out a cytoplasmic contribution to A26-A27 protein disulfide bond formation.
In virus-infected cells, the 70-/90-kDa complexes need to bind to A17 and perhaps other viral proteins on viral membranes in order to be incorporated into IMV. Since A26, A27, and A17 proteins all are envelope proteins on the surface of IMVs, one might wonder whether A26 protein regulates any biological functions of the A27 protein during virus entry. Using cell fusion-from-within and cell fusion-from-without assays, we demonstrated that A26 protein partially suppresses virus-induced cell fusion, based on the results obtained from the kinetics and the extent of cell-to-cell fusion. Currently, our results are consistent with the model that A26 protein suppressed A27-dependent cell fusion by interfering with cell surface GAG interactions, which otherwise led to membrane fusion executed by either A17 fusion protein (27) or the multicomponent viral fusion complex (41) . However, cell fusion mediated by vaccinia virus is very complex and mostly likely requires multiple protein complexes. It is worth noting that other viral proteins, such as viral A56/K2 proteins, have been shown to suppress cell fusion (49, 51) . It therefore is possible that our data have other explanations. Further investigation is required to unravel the molecular details of the cell fusion of vaccinia virus.
